Physical simulation of semiconductor devices at high frequencies involves not only semiconductor transport issues but also electromagnetic wave propagation issues. In order to obtain the nonlinear and the large-signal characteristics of the semiconductor devices, an electromagnetic model should replace the traditional quasi-static model in the device simulator. In this paper, the advantages of a semiconductor device simulator combining an electromagnetic and an electron transport models are presented. This study is based on a semiconductor device simulator that couples a semiconductor model to the 3D time-domain solution of Maxwell's equations. The electromagnetic wave propagation effects on the millimeter-wave FETs are thoroughly analyzed. The use of the electromagnetic model over the conventional quasi-static model provides the actual device response at high frequencies. It also shows the nonlinear energy build-up along the device width whereas the quasi-static model provides a linear increase of energy. The combined model is capable of predicting the device nonlinearity and harmonic distortion of amplifier circuits at large signal.
INTRODUCTION
With the advancement of semiconductor technology, the techniques required to analyze, design, and optimize the semiconductor devices are becoming increasingly sophisticated. The computer simulation programs are now essential tools for device engineers. These numerical simulations based on physical modeling can be used to predict and provide better understanding of the device behavior. However, the down-sizing of the active device dimensions has presented new challenges to the device and circuit designer. In submicron semiconductor devices, several new transport * This work is supported by the Army Research Office under contract # DAAH04-95-1-0252. tCorresponding author. Phone: 602-965-5322, Fax: 602-965-8325, Email: sme@asu.edu. phenomena develop and, consequently, have to be considered in device modeling. The electrons do not reach equilibrium transport conditions while traveling along the conducting channel. To incorporate the effects of nonstationary dynamics in semiconductor devices, the hydrodynamic model based on moments of Boltzmann's transport equation is used [1] [2] [3] . The transport parameters are taken as functions of average electron energy rather than the local electric field.
The device modeling at high frequencies requires special attention. At high frequencies, the coupling between the electrons and the propagating electromagnetic waves can not be neglected in submicron devices. The short period of the propagating EM wave approaches the electron relaxation time and as the electrons need a finite time to adjust their velocities to the changes in field, electron transport is directly affected by the propagating wave. In such cases, the quasi-static semiconductor device models fail to represent accurately the exact device response. In addition, the electrodes extending along the device width behave like transmission lines with nonlinear characteristics. These facts call for the necessity of incorporating wave effects in a three-dimensional model. This goal can be achieved by taking full account of the varying fields inside the device. The acceptable method for representing these various forces is to combine an electromagnetic model with a semiconductor device model which leads to the Combined Electromagnetic and Solid-State (CESS) simulator [4] .
On the other hand, the increasing demand of processing and transmitting more informations at a faster rate, drives the analog and digital electronic systems to operate at higher clock speeds. At the same time, to curtail the production cost, the manufacturers are more inclined towards heavily densed integrated circuits. In these high density integrated circuits, there are many closely spaced active and passive devices. As a result, there are some detrimental effects on the circuit performance at high frequencies due to crosstalk caused by coupling, surface waves and radiation effects. In such cases, the circuit modeling issue becomes more intensive. The circuit design should be based on advanced global model which takes the electromagnetic wave effects into consideration.
The issues like device-wave interaction, electromagnetic coupling, discontinuity problem, linear and nonlinear behavior of passive and active devices, and EM radiation effects are addressed in the global modeling. The computer memory requirement as well as the simulation time is reduced by using a hybridization approach in global modeling. The amplifier is divided into three regions, preserving the physical characteristics of the amplifier circuit by taking the reflections at the breaking points into consideration. The full-wave analysis of each region is performed individually and coupled to the next stage properly with all the required informations from the preceding stage. This technique enables one to use large space step, and hence, large time step in matching networks.
NUMERICAL MODEL
The CESS simulator is a physically based model which takes care of nonisothermal transport and nonstationary electron dynamics as well as electromagnetic wave propagation effects. This model couples the hydrodynamic model to a 3D timedomain solution of Maxwell's equations. The hydrodynamic model is based on the moments of the Boltzmann's transport equation obtained by integration over the momentum space. The electromagnetic wave propagation effects can be completely characterized by solving Maxwell's equations. These equations are first-order linearly coupled differential equations relating the field vectors, current densities and charge densities at any point in space at any time. The coupling between the two models is established by using the fields obtained from the solution of Maxwell's equation in the semiconductor model to calculate the current densities inside the device. These current densities are used to update the electric and the magnetic fields using Maxwell's equations with an applied high frequency sinusoidal excitation. The initialization is provided by solving the hydrodynamic model for the dc charges and currents in response to a specified dc operating point. In this manner, the coupling between the two models results in the overall high frequency characteristics of the semiconductor devices. The details of the mathematical representation and the coupling procedure can be found in [4] . The finitedifference time-domain scheme is used in semiconductor device discretization.
RESULTS AND DISCUSSION
The MESFET ( Fig. 1 ) used in this work have the following parameters. Gate-source spacing 0.41am, gate-drain spacing=0.561am, gate length=0.24gm, undoped GaAs thickness 0.31am, active layer thickness=0.1 gm, gate width= 250 gm. In order to validate the CESS simulator, a MODFET structure similar to Shawki et al. [5] is simulated to compare the performances. The transconductances are compared with/without taking the traps into account. They exhibit reasonable agreement with each other in Figure 2 .
To demonstrate the electromagnetic-wave propagation effects for MESFET, a sinusoidal excitation of peak 0.1 V and frequency 80 GHz is applied between the gate and the source electrodes. The excitation is applied as a plane source at z-0, as shown in Figure 1 . The CESS model is then solved for a few rf cycles to avoid the effects of the transients on the ac solution. The output is obtained across the drain and the source at several points along the device width in the z-direction. The output voltage wave, as shown in Figure 3 , first decreases and then increases along the device width. Early in the simulation, the electronic effect is not present and the wave amplitude decreases along the device width. Later, as more and more electromagnetic energy is propagated along the device width, the wave energy builds up, and the wave amplitude increases. This figure clearly demonstrates the direct relationship between the device gain characteristics and the electromagnetic wave propagations. The advantage of using the electromagnetic model in device simulation is demonstrated in Figure 4 . MESFET is simulated using the quasistatic model as well as the CESS simulator. In quasi-static model, Poisson's equation is solved to get the electric fields. In electromagnetic model, Maxwell's equations are solved to obtain the electric and the magnetic fields. In Figure 4 , the output voltage wave monotonously increases along the device width in quasi-static model. On the other hand, in electromagnetic model, the output voltage wave nonlinearly increases with the device width. This phenomenon is expected due to the device-EM wave interaction. The exchange of energy between the electrons and the electromagnetic wave takes place along the device width. This behavior is absent when the output is obtained from the quasi-static analysis. This figure strongly supports the use of the electromagnetic model for device simulation at high frequencies.
To demonstrate the large signal potential of the CESS simulator, the gain of a 0. and a large signal of 0.3 V. As shown in Figure 5 , the gain becomes lower as the amplitude increases, which is expected. The strength of this approach is not in simply confirming that larger amplitudes reduce the gain, but in estimating the reduction directly, using the physical model. The potential of the CESS model is further investigated by simulating an amplifier circuit with input and output matching networks as shown in Figure 6 . The physical simulation of the entire amplifier is performed using a global modeling technique [6] . The In Figure 7 , $21 is presented for small and large signals at different frequencies. At the design frequency of 40 GHz, the gain is 7.38 dB for small signal and 6.44 and 5.15 dB for.large signals of 0.3 and 1.0 V, respectively. Thus it is observed that for the same design the gain drops at large signals. In small signal, the gain drops slightly as the frequency is shifted away from the 40 GHz point.
On the other hand, in large signal, the gain reduction at frequencies other than design frequency is higher. Nonlinearity in the device behavior is evident from this figure.
Once the large signal response of the amplifier is obtained, it is interesting to study its frequency content and to identify the harmonics. The output wave contains a significant amount of third and fifth harmonic components as shown in Figure 8 . fundamental at 30, 40 and 50 GHz, respectively, at the third harmonic. The fifth harmonic contains 6%, 0.7% and 0.3% of the fundamental at 30, 40 and 50 GHz, respectively. This shows that a considerable amount of power is transferred at the harmonic components. Thus the global model is able to predict the nonlinearity of the device behavior and show the different harmonic components generated at the amplifier output due to nonlinearity.
CONCLUSIONS
Advantages of semiconductor device and circuit simulator combining an electromagnetic and an electron transport models are presented. The simulation confirms that a significant device-wave interaction takes place in semiconductor devices at high frequencies.
The use of the electromagnetic model over the conventional quasi-static model provides the actual device response at high frequencies.
It also shows the nonlinear energy build-up along the device width whereas the quasistatic model provides a linear increase of energy.
An approach towards global modeling of milli-meter-wave circuits is also presented in this paper. The global model is able to characterize the electromagnetic coupling, device-EM wave interaction and the EM radiation effects of the very closely spaced integrated circuit amplifier. The global modeling technique is capable of representing the nonlinearity and the harmonic distortion of the amplifier circuit. More effects will be added in the future including thermal and packaging effects.
By incorporating all these effects in the circuit simulation, a milestone will be reached towards the comprehensive global modeling.
